A full-length DNA copy of the M-RNA of cowpea mosaic virus (CPMV), supplied with either the 35S promoter from cauliflower mosaic virus (CaMV) or the nopaline synthase promoter from Agrobacterium tumefaciens, was introduced into the T-DNA region of a Ti-plasmid-derived gene vector and transferred to cowpea Vigna unguiculata cells. Southern blot analysis of the transformed callus tissue obtained confirmed the integration of the viral DNA copy into the plant DNA. Northern blot analysis revealed that full-length transcripts of more than 3500 nucleotides long were produced from the integrated copy supplied with either promoter, the CaMV 35S promoter being approx. 10-fold more active than the nopaline synthase promoter. The production of full-length M-RNA-like transcripts in transformed cowpea calli will permit to study M-RNA-expression in the absence of B-RNA and the infectivity of cloned viral DNA copies.
Introduction
Cowpea mosaic virus (CPMV) has a genome consisting of a large (B) and a small (M) RNA segment, that are separately encapsidated. The genomic RNAs are characterized by a small protein (denoted VPg) covalently linked to the 5'-end and a poly(A) tail at the 3'-end (for review see Ref. 1) . The expression of both RNAs involves the production of large polyproteins from which the smaller, functional proteins axe generated by proteolytic cleavages [ 2--.4] .
Determination of the nucleotide sequence of M-RNA (comprising 3481 nucleotides exclusive of the poly(A) tail) reveals the presence of a unique long, open reading *Present address: Centro de Biologfa Molecular (CSIC-UAM), Universidad AutSnoma, Cantoblanco 28049, Madrid, Spain. Abbreviations: CaMV, cauliflower mosaic virus; CPMV, cowpea mosaic virus; kb, ~ kilo base pairs. frame in this genome segment [5] . Upon in vitro translation M-RNA produces two overlapping polyproteins of ~ 105 000 (105K) and ~95 000 (95K) which axe the result of two in-phase AUG initiation codons (6--8 and Fig. 1 ). Proteolytic cleavage of these polyproteins generates cleavage products of 60K, 58K and 48K, of which the 60K product represent a direct precursor to the two capsid proteins VP37 and VP23 (Fig. 1) . The function of the 58K and 48K proteins has remained unknown so fax while, moreover, the use of both initiation sites on M-RNA still has to be verified in vivo.
To study the genetic properties of M-RNA we decided to supply a cloned, fuU-length DNA copy of this RNA with transcription regulatory sequences active in plants and to transform cowpea (Vigna unguiculata) cells with such constructs using a disarmed Agrobacterium Ti-plasmid-derived vector. In this way, continuous expression of this copy would be accomplished allowing study of the expression of M-RNA in uninfected host cells and facilitating the achievement of infectious transcripts from such copies, which would offer the possibility to study the genetic properties of the viral RNA genome by site<lirected mutagenesis on DNA level. Although for cowpea, like for most leguminous plants, no regeneration procedure is currently available, the production of transformed cowpea callus using A. tumefaciens-mediated gene transfer has recently been described by us [ 9] . Following this approach we now report the stable introduction of a DNA copy of M-RNA in cowpea cells and the subsequent production of transformed cowpea callus in which this copy is expressed. The results reveal, moreover, that the 35S promoter
Bacterial strains and plasmids
The strains MH1 (a gift from Dr. L. van der Eb, Leiden) and HB101 [10] were used as Escherichia coil hosts. The E. coli strain GJ23 containing the plasmid R64drd 11 and pGJ28 [11] supplied tra and mob functions in conjugation experiments. The A. tumefaciens strain C58CI harboring plasmid pGV3850 [12] , pGV3850 :: ll03neo(dim) (a gift of Dr. L. Herrera-Estrella, see also Ref. 13) or its recombination derivatives was used for transformation of cowpea V. unguiculata. The plasmids pBR322 [14] , pCa305 [15] , pNop6 [16] and pCaMV35S [17] have been described previously. Plasmids pCM302 (P. Vos, unpublished} is a derivative from pCM423 [8] containing a poly(A) track of 50 nucleotides long.
DNA preparation
Plasmid DNA was prepared by the alkaline lysis method as described [18] . Total DNA from A. tumefaciens containing Ti-plasmid was isolated according to Ooms et al. [19] and plant DNA following the CTAB procedure of Murray and Thomson [20] . Digestion with restriction endonucleases of plasmid DNA was performed according to the supplier's instructions and with 20 units//zg for total bacterial or plant DNA. Conditions used for ligation of DNA fragments and subsequent transformation of competent E. coil cells have been described previously [5] . DNA fragments used for ligation were purified by extraction from low-melting agarose [211.
Bacterial conjugation
Conjugation involving E. coli and A. tumefaciens strains were performed as described by Van Haute et al. [11] .
Transformation of cowpea
For transformation of cowpea V. unguiculata cells we used the leaf disc procedure described by Horsch et al. [22] with some modifications. Discs punched from primary leaves of 6<lay-old cowpea plants were submerged for 2 min in a 1:10 dilution of an overnight culture of A. tumefaciens containing a Ti-plasmid derivative and blotted dry on filter paper. After inoculation the discs were incubated at 25°C on nurse culture plates containing callus-inducing GS3 medium [23] solidified with 0.8% agar, a feeder layer of Petunia 'commanche-albino' cells and a sheet of Whatmann 5 filter paper. After 2 days the discs were transferred to petri dishes with G83 medium containing cefotaxime and vancomycin (200 ug/ml of each) to stop bacterial growth. As soon as distinct development of callus tissue was observed (about 10 days later) the discs were transferred to petri dishes containing GS3 medium containing antibiotic G418 (50 ug/ml) to select transformed plant cells. The individual calli obtained were subcultured every 20 days. After the first three transfers cefotaxime and vancomycine were omitted from the medium and kanamycin (100/~g/ml) instead of G418 was used to maintain selective pressure.
Southern blot analysis
DNA fragments originating from digestion of total plant DNA (5 /zg) or total A. tumefaciens DNA containing Ti-plasmid (0.5 pg) with restriction endonucleKses were separated by electrophoresis in 1% agarose gels, transferred to nitrocellulose paper and hybridized to 32p-labeled probes as described [9] .
Poly(A) ÷ RNA isolation and Northern blot analysis
Frozen cowpea calli (approx. 10 g) were ground to a fine powder under liquid nitrogen. Twenty milliliters of a hot (85°C) 1:1 mixture of 0.1 M lithium chloride, 1% sodium dodecyl sulphate, 10 mM EDTA and distilled phenol was added and the suspension vigorously shaken for 30 min at room temperature.
After addition of 10 ml of chloroform the mixture was shaken for another 10 rain. After centrifugation at 15 000 X g for 30 min the aqueous phase was removed, re-extracted with chloroform and made 2 M in lithium chloride. RNA was precipitated overnight at 4°C, and subsequently collected by centrifugation, washed once with 2 M lithium chloride and twice with 80% ethanol, dried in vacuo and dissolved in 10 mM Tris--HC1 (pH 7.5), 0.5 mM EDTA. Poly(A) ÷ RNA purified by oligo(dT) cellulose and separated in a 1% agarose gel containing formaldehyde [18] was subsequently transferred to nitrocellulose paper and hybridized to 32p-labeled DNA probes as described by Thomas [24] .
Results

Introduction of a DNA copy of CPMV M-RNA in the T-region of pGV3850 :: 1103-neo(dim)
In a previous report we have described the successful, Agrobacterium.mediated transfer of a chimaeric kanamycin resistance gene to cowpea cells and the subsequent production of kanamycin-resistant callus tissue [9] . This was established by inoculating cowpea leaf discs with an A. tumefaciens strain harboring the non-oncogenic Ti-plasmid derivative pGV3850 :: ll03-neo(dim) [13] in which the T-DNA sequences were replaced by two copies of a chimaeric kanamycin resistance gene and pBR322 sequences (Fig.  2) . The same approach has now been followed to introduce a transcriptionally active full-length DNA copy of CPMV M-RNA (3481 bases long, exclusive of the poly(A) taft) into the chromosomal DNA of cowpea. For this purpose a cloned, full-length DNA copy of M-RNA (pCM302), previously described and used for in vitro expression studies [8] , was first supplied with either the Agrobacterium nopaline synthase (nos) promoter [25] at one hand and with the nos terminator sequence at the other (see Fig. 2 ). Plasmid pNop6 [16] Fig. 3 . Cowpea V. unguiculata caili transformed with A. tumefaciens carrying plasmids pGV3850 [12] , pGV 3850NM1 or pGV3850CM1 grown in GS3 medium containing 50 #g/ml antibiotic G418. 
Transformation of cowpea cells using Tiplasmids pGV3850NM1 and pGV3850CM1
To transfer and integrate the T-regions of pGV3850CM1 and pGV3850NM1 into cowpea chromosomal DNA we employed the leaf disc transformation method previously described [9, 22] . Transformant calli were selected on GS3 medium [23] containing antibiotic G418 (50 ~g/ml). Hence, transformation using pGV3850CM1 or pGV3850NM1 resulted in both cases in the development of cowpea calli able to grow in the presence of G418 or kanamycin while control (transformed using pGV3850) calli were not (Fig. 3) . Resistant calli indeed contained nopaline synthase activity (data not shown), providing a first indication that these tissues were actually transformed.
Genomic analysis of kanarnycin-resistant calli
To verify the integration of the M cDNA sequences into the genomic DNA of the resistant calli, DNA samples extracted from such tissues were analyzed by Southern blotting hybridization using probes containing M cDNA sequences. Figure 4 shows such analysis for DNA prepared from cowpea calli transformed using pGV3850NM1 or pGV3850CM1 and subsequently digested with restriction enzymes which cut at known places in the T-region of the plasmids employed. Digestion of transformed callus DNA with PstI and SalI, and subsequent hybridization using a radiolabeled probe containing cloned viral cDNA comprising the M-RNA sequence from the 5'~end to nucleotide position 1509, revealed a single hybridizing fragment with the expected size of 8.1 or 8.7 kilo base pairs (kb), respectively, when pGV3850NM1 or pGV3850-CM1 was used for transformation (Fig. 4A,  lanes 2 and 3) . These fragments, which were absent in the digests of control caUi (Fig.  4A, lane 5) , comigrated with the single hybridizing bands in the PstI/Sall digests of the two vector construction used (Fig. 4A,  lanes 1 and 4) . Similarly, digestion of DNA from transformed calli with BamHI and hybridization with a cDNA probe comprising the viral sequence from nucleotide position 1504 downstreams to the 3'-end, resulted in a hybridizing band of ~2.5 kb that comigrated with the single, reacting BamHI fragment from the transformation vectors used (c.f. lanes 1--4 in Fig. 4B ).
The extra fragment of ~4 kb in the BamHI digest of callus transformed using pGV3850-CM1 probably represents a partial digestion product. Hence, the hybridization patterns obtained reveal that integration of the complete viral cDNA sequence had occurred without any significant deletion or rearrangement.
Transcriptional analysis of integrated copies of M-RNA
Transcriptional activity of the integrated copies of CPMV M-RNA was determined by Northern analysis of poly{A) ÷ RNA using cloned cDNA sequences of M-RNA as probe (Fig. 5) . The poly(A) ÷ RNA fraction of both callus tissue transformed using pGV3850NM1 (i.e. M-RNA copy supplied with nos promoter) and callus tissue transformed using pGV3850CM1 (M-RNA copy supplied with the CaMV 35S promoter) contained transcripts derived from the integrated viral copies (Fig. 5, lanes 3 and 4) . In pGV3850NMl-transformed caUi a single hybridizing transcript was detected approximately comigrating with natural M-RNA extracted from virions (c.f. lanes 1 and 3 in Fig. 5 ). The expected size of the transcript was approximately 3750 bases, composed of ~35 bases from the nos leader sequence, 3531 bases from the viral cDNA sequence, and ~200 bases of nos sequence at the 3'-end of the gene. Instead, in pGV3850CMl-transformed calli two large transcripts were detected, one similar in size to M-RNA or slightly larger and the other significantly shorter than natural M-RNA. The largest of these RNA species probably represented the intact, full-length transcript of the integrated M-RNA copy . Northern blot analysis of cowpea callus tissues with integrated DNA copies of CPMV M-RNA. Poly(A) ÷-RNA, isolated from cowpea calli transformed with A. tumefaciens carrying plasmid pGV3850NM1, pGV3850CM1, pGV3850 :: ll03neo(dim) or non-transformed (control), was denatured and electrophoresed in a 1% agarose gel containing formaldehyde [18] and hybridized to 32P-labeled probes. The M13 probe used in panel A contained M-RNA-specific sequences and has been described in Fig. 4A . The M13 probe used in panel B was synthesized from M13KanPS6 which consisted of the 358 bp PstI-SphI fragment from the ATP-II gene of Tn5 [32] inserted into M13mp19 [33] . M-RNA extracted from virions was used as marker. The amounts of RNA used are indicated on top of the figure. since the CaMV 35S promoter fragment used in the construction of pGV3850CM1 comprised the first 130 bases of the CaMV 5'-leader sequence [17] , while at the 3'-end of the transcript another ~200 bases extra were expected originating from the nos terminator fragment. Hence, the full-length transcript of pGV3850CMl-transformed cells was expected to be approx. 3850 long, i.e. 300 bases longer than natural M-RNA. The nature of the shorter transcript was not further analyzed. This RNA species could have arisen either by internal start or premature termination of transcription, or, alternatively, by erroneous splicing. Even so, the analysis of Fig. 5 shows that in cowpea cells, transformed using either pGV3850NM1 or pGV3850CM1, full-length transcripts from the integrated M-RNA copies, comprising up to more than 3500 bases, are detectably produced.
In addition, the results shown in Fig. 5 reveal that in cowpea cells the CaMV 35S promoter is significantly stronger than the nos promoter. While in calli transformed using either pGV3850CM1 or pGV3850NM1, the transcription level of the chimaeric kanamycin genes was similar (cf. lanes 7 and 8 in Fig. 5 ) the transcription level of the viral cDNA sequence was dependent on the promoter employed. The CaMV 35S promoter appeared to be at least 10-fold stronger in cowpea than the nos promoter (cf. lanes 3 and 4, Fig. 5 ).
Discussion
Recent reports have pointed out the important applications of integrated DNA copies of plant viral genomes as a valuable tool in studies on the molecular biology of plant viruses, in the development of new types of viral-based vectors and in the identification of cross-protection reactions [26, 27] . The integration and expression of the coat protein gene of TMV in tobacco [17] and the subsequent resistance of transformed plants to TMV has been documented [28] but, in our knowledge, the integration of a full-length DNA copy of a complete viral RNA segment has not yet been described.
In this paper we demonstrate that a complete DNA copy of CPMV M-RNA (3481 bases exclusive of the poly(A) tail) can be integrated into the cowpea genome by Agrobacterium-mediated gene transfer. Provided with either the CaMV 35S promoter or the nopaline synthase promoter, this copy is efficiently expressed in transformed callus tissue, the first promoter being approximately 10 times stronger than the second one. Full-length transcripts of more than 3500 bases long were obtained, demonstrating that although natural replication of CPMV RNA occurs in the cytoplasm, long viral RNA can be synthesized in the nucleus and remains stable. At this moment we do not know yet if the RNA transcripts are transported to the cytoplasm. It will be interesting to test if, after superinfection of transformed callus (or protoplasts prepared from it) with purified B component RNA, which codes for the CPMV-specific RNA polymerase [29, 30] , the M-cDNA transcripts are replicated and progeny virus is recovered. This approach to produce infectious RNA from cloned DNA copies would enable us to produce well defined mutants by modifying such copies on desired places prior to their transfer into cowpea cells.
Another prospect of the chromosomal insertion of the M-RNA copy and its subsequent transcription is to study the translation properties of this RNA in the absence of the viral proteases, which are both encoded by B-RNA [29, 31] . Until now, translation products from the integrated M-cDNA copies have not been detected; currently sensitive immunological analyses are being developed to detect viral proteins synthesized in the transformed cells and which could give answers to questions such as whether the two translation initiation sites on M-RNA found to be active upon in vitro translation [6, 7] , are utilized in vivo.
